OPTICAL SIGNAL AMPLIFIER 

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS 
The present application is a continuation-in-part of co-pending and commonly owned 
US Application Serial No. 09/654,974, filed on September 5, 2000, the entire contents of 
which being incorporated herein by reference. 

Background 

The present invention relates to fiber optic communications systems, and more 
specifically, to amplification of optical signals propagating in an optical fiber. 

Optical signals for conveying information in a fiber optic communication system 
experience attenuation as the optical signals are transmitted though an optical fiber over 
extended distances. The attenuated optical signal can be regenerated using amplifiers such as 
optical fiber Raman amplifiers, which rely on stimulated Raman scattering to transfer energy 
to the optical signal. The optical fiber Raman amplifier comprises a fiber that receives two 
input beams: a pump beam and the optical signal. Energy in the pump beam is coupled into 
the signal beam through stimulated Raman scattering, and the optical signal is thereby 
amplified upon passing through the fiber amplifier. The extent of amplification or gain 
depends on the relation between the polarization of the pump beam and that of the signal 
beam. If both the pump beam and the signal beam are linearly polarized and have electric 
fields oriented in the same direction, then the gain is higher than if the electric fields are 
oriented perpendicular to each other. Disadvantageously, fluctuations in the polarization of 
the signal or pump beam that cause the relative orientations of the electric fields to vary 
produce fluctuations in the gain of the amplifier. For example, the gain will decrease for 
pump and signal beams that initially have electric fields oriented parallel but are reoriented so 
as to no longer be parallel. Conversely, gain will increase if the beams are initially 
perpendicular but subsequently contain parallel components. Such fluctuations in the gain 
cause variations in the intensity of the optical signal, which introduces noise into the signal 
and thereby increases the likelihood of errors in transmitting information over optical fibers. 

In conventional systems designed to minimize fluctuations in gain, the pump beam is 
provided by two or more semiconductor lasers that output polarized light. The polarized light 
is directed to a coupler that combines the light from the different semiconductor lasers after 
first separating the respective beams into perpendicular polarizations. For example, in the 
case where two semiconductors are employed to pump the fiber amplifier, light emitted from 



the two semiconductors is input into the coupler. The coupler causes the polarized light 
beams from the two semiconductor lasers to have electric fields oriented perpendicular to 
each other and produces a combined beam that is then directed to the optical fiber Raman 
amplifier. 

5 Although employing a plurality of semiconductor lasers can reduce the fluctuations in 

gain, requiring more than one semiconductor laser adds to the complexity of the amplifier. 
What is needed is a design for an optical fiber Raman amplifier that is simpler and less 
expensive yet that minimizes the fluctuation in gain caused by variations in polarization of 
the pump and signal beams. 

10 Summary 

Methods and apparatus for optical signal amplification are provided. In one 
embodiment, an amplifier for amplifying optical signals comprises a light source having as an 
output a first beam of light characterized by a first degree of polarization, a depolarizer 
optically connected to the light source so as to receive the first light beam as an input and 

1 5 having as an output a pump beam characterized by a second degree of polarization wherein 

said second degree of polarization is less than said first degree of polarization. A gain 
medium is optically connected to the depolarizer so as to receive the optical signal and the 
pump beam as inputs and is configured to transfer energy from the pump beam to the optical 
signal. The depolarizer advantageously comprises one or more birefringent optical fibers. 

20 A method of making an optical signal amplifier in one embodiment of the invention 

comprises coupling a light source to an input of at least one birefringent optical fiber and 
coupling an output of said at least one birefringent optical fiber to a gain medium. 

Methods of optical signal amplification include collecting light from a light source 
that emits at least partially polarized light divisible into light of two orthogonal linearly 

25 polarized states. This collected light is at least partially depolarized by imparting phase delay 

between the light of the two orthogonal linearly polarized states and is then directed into a 
gain medium of an optical signal amplifier. In another embodiment, a method of minimizing 
polarization induced gain fluctuations in an optical signal amplifier comprises at least 
partially depolarizing a beam of light from a first light source without combining the beam of 

30 light with a second beam of light from a second light source. This at least partially 

depolarized beam of light is used as a pump beam in the optical signal amplifier. 

Brief Description of the Drawings 
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FIGURE 1A is a schematic diagram of an optical communication system employing 
an optical amplifier. 

FIGURE IB is a block diagram of a preferred embodiment of the optical amplifier 
comprising a pump laser, a depolarizer, and a gain medium. 
5 FIGURES 2A-2C are schematic views of preferred embodiments of the present 

invention comprising a non-depolarizing birefringent optical fiber joined to a depolarizing 
birefringent optical fiber so as to provide a mismatch between respective principal axes of the 
two fibers. 

FIGURES 3A-3C are schematic views of preferred embodiments of the present 
10 invention comprising a pump laser that emits linearly polarized light having an electric field 

oriented in a fixed direction and a depolarizing birefringent optical fiber having principal axes 
that are not aligned with the electric field of the polarized light. 

FIGURE 4 is a schematic view of a preferred embodiment of the present invention 
similar to that shown in FIGURE 2A additionally comprising a polarization controller. 
15 FIGURE 5 is a schematic view of a preferred embodiment of the present invention 

comprising a non-depolarizing birefringent optical fiber coupled to two depolarizing 
birefringent optical fibers. 

FIGURE 6 is a schematic view of a preferred embodiment of the present invention 
similar to that shown in FIGURE 5 additionally comprising a fiber Bragg grating inserted in 
20 the non-depolarizing birefringent optical fiber. 

FIGURE 7 is a schematic view of a preferred embodiment of the present invention 
similar to that shown in FIGURE 5 additionally comprising a polarization controller inserted 
in the non-depolarizing birefringent optical fiber. 

FIGURE 8 is a schematic view of a preferred embodiment of the present invention 
25 similar to that shown in FIGURE 5 additionally comprising a fiber Bragg grating and a 

polarization controller inserted in the non-depolarizing birefringent optical fiber. 

FIGURE 9A is a schematic view of a preferred embodiment of the present invention 
wherein a plurality of semiconductor lasers and accompanying depolarizers are coupled to a 
multi-wavelength optical coupler. 
30 FIGURE 9B is a schematic view similar to that shown in FIGURE 9A with fiber 

Bragg gratings inserted between the lasers and depolarizers. 

FIGURE 10 is a schematic view of a preferred embodiment of the present invention 
showing the plurality of semiconductor lasers coupled to a plurality of non-depolarizing 
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birefringent optical fibers that are joined to a plurality of depolarizing birefringent optical 
fibers that lead to the multi-wavelength optical coupler. 

FIGURE 1 1 A is a schematic view of a preferred embodiment of the present invention 
wherein the plurality of semiconductor lasers are coupled to the multi-wavelength optical 
5 coupler, which is coupled to the depolarizer. 

FIGURE 11B is a schematic view similar to that shown in FIGURE 11A with fiber 
Bragg gratings inserted between the lasers and the multi-wavelength optical coupler. 

FIGURE 12 is a plot, on axes of fiber length, in centimeters (cm), and degree of 
polarization (DOP), in percent, depicting how the degree of polarization is reduced with 
10 increasing length of the depolarizing birefringent optical fiber. 

FIGURE 13 is a plot, on axes of degree of polarization, in percent, and polarization 
dependence of gain (PDG), in decibels, illustrating how lowering the degree of polarization 
reduces the fluctuations in gain caused by fluctuations in polarization. 

FIGURE 14 is a plot, like that shown in FIGURE 13, but does not include the 
15 polarization dependent loss of 0.1 2dB of the measured system, which is included in Figure 

13, and the plot shows PDG for a variety of fiber-types. 

FIGURE 15 is a histogram of pump source production yield as a function of %DOP. 

FIGURE 1 6 is an example probability density function of %DOP, and is divided into 
different regions, showing which types of systems can accommodate depolarizers with higher 
20 than typical levels of %DOP. 

Detailed Description 

Embodiments of the invention will now be described with reference to the 
accompanying Figures, wherein like numerals refer to like elements throughout. The 
terminology used in the description presented herein is not intended to be interpreted in any 

25 limited or restrictive manner, simply because it is being utilized in conjunction with a detailed 

description of certain specific embodiments of the invention. Furthermore, embodiments of the 
invention may include several novel features, no single one of which is solely responsible for 
its desirable attributes or which is essential to practicing the inventions herein described. 

As shown in Figure 1A, a fiber optical communication system 2 comprises a 

30 transmitter 4 optically connected to a receiver 6 through an optical fiber 8. An amplifier 10 

such as an optical fiber Raman amplifier may be inserted between two segments at the optical 
fiber 8. The transmitter 4 comprises an optical source such as a laser diode which emits an 
optical beam that is modulated to introduce a signal onto the beam. The optical signal beam 
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is coupled into the optical fiber 8, which carries the beam to the receiver 6. At the receiver 6, 
the optical signal is converted into an electrical signal via an optical detector. To ensure that 
the optical signal is sufficiently strong such that the modulation can be accurately detected at 
the receiver 6, amplification is provided by the optical fiber Raman amplifier 10. Such 
5 amplification is especially critical when the optical signal is transported over long distances 

within the optical fiber 8. 

A block diagram of the optical fiber Raman amplifier 10 that is a preferred 
embodiment of the present invention is shown in FIGURE IB. The Raman amplifier 10 
comprises a light source 12, a depolarizer 14, and a gain medium 16 and also has an input 18 

10 for the optical signal that is to be amplified and an output 20 for the amplified optical signal. 

The light source 12 may comprise a single light generator or a plurality of light generators 
having the same or different wavelengths. 

The light source 12 emits a beam of light represented by a line 22 extending from the 
light source 12 in FIGURE IB. Preferably, the beam of light 22 and the optical signal are 

15 separated in wavelength by about 50 to 200 nanometers (ran), and more preferably, by about 

100 nanometers. The light source 12 may, for example, comprise a semiconductor laser or 
laser diode. As is well known in the art, semiconductor laser diodes generally emit light that 
is substantially linearly polarized, i.e., electromagnetic waves having an electric field oriented 
in a fixed direction. To provide a constant level of gain in the gain medium 16, as will be 

20 discussed more fully below, the pump beam preferably comprises substantially unpolarized 
light, not linearly polarized light. Accordingly, the beam 22 is directed to the depolarizer 14, 
which receives the linearly polarized light and at least partially depolarizes the light. In 
preferred embodiments, the output of the depolarizer 14 comprises at least partially 
depolarized light. Most preferably, this output comprises substantially unpolarized light; all 

25 or substantially all of the beam 22 emitted by the light source 12 is depolarized by the 

depolarizer 14. 

The light beam 22, after passing through the depolarizer 14 is directed to the gain 
medium 1 6 as depicted by line 24 extending from the depolarizer to the gain medium. The 
beam entering the gain medium 24 is referred to herein as the pump beam. The optical signal 
30 is also sent to the gain medium 16 as illustrated by line 26 in FIGURE IB. The optical signal 

enters the input 1 8, is amplified within the gain medium 1 6, and exits the output 20 a stronger 
signal, which is represented by a line 28 emanating from the gain medium. Within the gain 
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medium 1 6, energy from the pump beam 24 is coupled to the signal 26 via stimulated Raman 
scattering as is well known in the art. 

As discussed above, the extent of amplification depends on the relation between the 
polarization states of the pump beam and the optical signal. The optical signal also comprises 
5 electromagnetic waves having an electric field and a magnetic field. If the electric field of the 

optical signal is directed parallel to the electric field of the pump beam, the amplification 
provided by the gain medium 16 will be maximized. Conversely, if the electric fields are 
perpendicular to each other, a minimum in gain results. When the electric fields are not fully 
parallel or perpendicular, but contain both parallel and perpendicular components, the gain 

10 will have a value somewhere between the minimum and maximum depending on the 

magnitude of the parallel and perpendicular components. Accordingly, as the relative 
orientation of the electric fields in the pump beam and the optical signal vary, the gain will 
vary. If, however, the pump beam remains entirely unpolarized, containing no predominant 
linear polarized component, the gain will not fluctuate. Thus, by passing the light emitted by 

15 the light source 12 through the depolarizer 14, the variations in the amount that the optical 

signal 26 is amplified can be reduced. 

In another configuration, the pump beam itself can be amplified by another pump 
beam using an additional gain medium. In this case, using depolarized light source to pump 
this additional gain medium will reduce the fluctuation of the power of the pump beam 

20 caused by polarization dependent gain fluctuations. 

FIGURES 2-8 depict preferred embodiments of the optical fiber Raman amplifier 10 
of the present invention in which the depolarizer 14 comprises one or more birefringent 
optical fibers. The one or more birefringent optical fibers are configured to at least partially 
depolarize light from the light source 12. 

25 Referring now to Figure 2 A, the light source 12 advantageously comprises a 

semiconductor laser 29 which is coupled through a fiber connector 30 to a birefringent optical 
fiber 32. In this embodiment, the birefringent optical fiber 32 functions as part of the light 
source 12 and does not function as the depolarizer 14 and, therefore, is hereinafter referred to 
as the non-depolarizing birefringent fiber. This non-depolarizing birefringent optical fiber 32 

30 has a fiber Bragg grating 34 inserted therein. The fiber Bragg grating 34 comprises a 

diffracting reflector, which when employed in association with the semiconductor laser 29, 
transmits a wavelength band of light output the laser. The non-depolarizing birefringent 
optical fiber 32 is connected to another birefringent optical fiber 36 that serves as the 
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depolarizer 14 and, accordingly is denoted the depolarizing birefringent optical fiber. This 
depolarizing birefringent optical fiber 36, along with an input optical fiber 38 for carrying the 
optical signal, are attached to an optical coupler 40 that leads to the gain medium 1 6, namely, 
an optical fiber Raman gain medium, which produces gain through stimulated Raman 
5 scattering. Preferably, the optical fiber Raman gain medium 16 comprises quartz, and more 

preferably, ion-doped quartz. 

The non-depolarizing and depolarizing birefringent optical fibers 32, 36 are coupled 
together at a point 42, a close-up of which is depicted in FIGURES 2B and 2C. As shown in 
FIGURES 2B and 2C, a longitudinal axis, z, runs down the length of the non-depolarizing 

10 and depolarizing birefringent optical fibers 32, 36. Mutually perpendicular* (horizontal) and 

y (vertical) axes extend through and are perpendicular to the z axis. 

The non-depolarizing and depolarizing birefringent optical fiber 32, 36 each have a 
central core and a cladding. As is conventional, the core has a refractive index that is higher 
than that of the cladding. Stress imparting layers (not shown) are disposed in the cladding, 

15 the core sandwiched therebetween. As a result of this sandwich structure, the refractive index 

of the core is different for light linearly polarized in the x direction and light linearly polarized 
in the y direction, that is, for electromagnetic radiation having an electric field parallel to the x 
axis and electromagnetic radiation having an electric field parallel to the y axis, respectively. 
Consequently, linearly polarized light having a polarization parallel to the horizontal direction 

20 travels through the birefringent optical fiber 32, 36 at a different velocity than light having a 

polarization parallel to the vertical direction. In accordance with convention, and as used 
herein, one of these axes, the x axis or the y axis, is referred to as the fast axis, and the other 
axis is referred to the slow axis. Light having an electric field aligned with the fast axis, 
propagates along the length of the core at a higher velocity than light having an electric field 

25 aligned with the slow axis. Like the x and v axes, the fast and slow axes are perpendicular. 

Also as used herein, the term principal axes corresponds to the fast and slow axes. 

In this embodiment of the invention, the non-depolarizing birefringent optical fiber 32 
is oriented such that one of the principal axes of this fiber matches the polarization of the 
light emitted by the semiconductor laser 29. For example, the non-depolarizing birefringent 

30 optical fiber 32 may be rotated about its length, the z axis, such that its fast axis is aligned and 

parallel with the electric field of the electromagnetic radiation from the semiconductor laser 
29 that is transmitted through the non-depolarizing birefringent fiber. 
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Also, in accordance with the present invention, the depolarizing birefringent optical 
fiber 36 is oriented such that the principal axes of the non-depolarizing birefringent fiber 32 
are not aligned with the principal axes of the depolarizing birefringent fiber. An exemplary 
arrangement of the non-depolarizing and depolarizing birefringent optical fibers 32, 36 is 
5 shown in FIGURES 2B and 2C where the non-depolarizing birefringent optical fiber has a 

principal axis, e.g., a fast axis, represented by a first arrow 44 while the depolarizing 
birefringent optical fiber has a principal axis, also a fast axis, represented by a second arrow 
46. The fast axis of the depolarizing optical fiber 36 is rotated about the length of the fiber, 
or the z axis, by a non-zero angle G with respect to the fast axis of the non-depolarizing 

10 optical fiber 32. As shown in FIGURE 2C, the angle 6 preferably equals 45°. 

In operation, the semiconductor laser 29 emits a light beam comprising substantially 
linearly polarized light that is coupled into the non-depolarizing birefringent optical fiber 32 
by the fiber connector 30. As discussed above, one of the principal axes, the fast or slow 
axis, of the non-depolarizing birefringent optical fiber 32 is parallel to the electric field of the 

15 pump beam. This arrangement maintains the polarization of the pump beam as it is 

transmitted through the non-depolarizing birefringent optical fiber 32. The light within the 
non-depolarizing birefringent optical fiber 32 passes through the fiber Bragg de tractive 
grating 34, which provides a resonator external to the semiconductor laser 29, thereby 
stabilizing the wavelength of the pump beam and narrowing its bandwidth. 

20 Also as described above, the principal axes of the depolarizing birefringent optical 

fiber 36 are nonparallel to the principal axes of the non-depolarizing birefringent optical fiber 
32. Accordingly, the electric field of the pump beam that is transmitted through the non- 
depolarizing birefringent optical fiber 32 is nonparallel to both the fast and slow axes of the 
depolarizing birefringent optical fiber 36. For purposes of understanding, the electric field for 

25 electromagnetic radiation passing through a birefringent fiber can be separated into two 

components, one parallel to the fast axis and one parallel to the slow axes, the vector sum of 
these two components being equal to the electric field. Similarly, light comprising the light 
source can be separated into two components, linearly polarized waves polarized in a 
direction parallel to the fast axis and linearly polarized waves polarized parallel to the slow 

30 axis. The two sets of waves are transmitted through the depolarizing birefringent optical fiber 

36, but at different velocities. Thus, after passing through the depolarizing birefringent 
optical fiber 36 and upon reaching the optical coupler 40 and the optical fiber Raman gain 
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medium 16, one of the sets of waves, the one polarized parallel to the slow axes, experiences 
phase delay with respect to the one polarized parallel to the fast axis. 

The phase delay translates into optical path difference between the two sets of waves. 
The amount of optical path difference depends on the disparity in velocity as well as the 
5 length of the depolarizing birefringent optical fiber 36. The longer the optical path difference, 

the less correlation in phase between the light polarized in a direction parallel to the fast axis 
and light polarized parallel to the slow axis. For sufficiently long lengths of fiber 36, the 
optical path difference will be as much as or longer than the coherence length of the light 
from the semiconductor laser 29, in which case, coherence between the two sets of waves will 

10 be lost. No longer being coherent, the relative phase difference between the two sets of 

waves will vary rapidly and randomly. 

Unpolarized light can be synthesized from two incoherent orthogonal linearly 
polarized waves of equal amplitude. Since the light polarized in a direction parallel to the 
fast axis and the light polarized parallel to the slow axis are incoherent, orthogonal linearly 

1 5 polarized light, together they produce unpolarized light. This conclusion arises because the 

two sets of waves, which have orthogonal electric fields and a relative phase difference that 
varies rapidly and randomly, combine to form a wave having an electric field whose 
orientation varies randomly. Light with a randomly varying electric field does not have a 
fixed polarization. Thus, light having rapidly varying polarization states, i.e., unpolarized 

20 light, is produced. 

The at least partly depolarized pump beam is directed to the optical coupler 40, which 
also receives the optical signal transmitted through the input optical fiber 38. The 
propagation of the optical signal through the input optical fiber 38 and to the optical coupler 
40 is represented by a first arrow 48 shown in FIGURE 2A. The two beams, the pump beam 

25 and the optical signal, are combined or multiplexed in the optical coupler 40 and fed into the 

optical fiber Raman gain medium 16, which transfers energy from the pump beam to the 
optical signal via stimulated Raman scattering. The optical signal exits the optical fiber 
Raman gain medium 16 as an amplified signal indicated by a second arrow 50 shown in 
FIGURE 2A. Since the pump beam is at least partly depolarized upon passing through the 

30 depolarizing birefringent optical fiber 36, the fluctuations in the amplification provided by the 

optical fiber Raman gain medium 16 are minimized. 

Another embodiment of the present invention comprises a LYOT type depolarizer 
having two birefringent optical fibers, one fiber having a length two times or more as long as 
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the other fiber, i.e., with respective lengths set by the ratio of 1:2 or 2:1. These two optical 
fibers 32, 36 are fused together so that the principal axes thereof are inclined at an angle 0 of 
45° with respect to each other. The extent that the depolarizing birefringent optical fiber 36 is 
rotated about the z axis determines the amount of light that is polarized parallel to the fast 
5 axis and the amount of light that is polarized parallel to the slow axis. When 0 equals 45°, as 

depicted in FIGURE 2C, the magnitude of the electric fields for the waves propagating 
parallel to the fast and slow axis are the same; thus, the intensities of the two waves are equal. 
As discussed above, unpolarized light can be synthesized from two incoherent orthogonal 
linearly polarized waves of equal amplitude. Since the magnitudes of the two incoherent 
10 orthogonal linearly polarized waves are equivalent, substantially unpolarized light can be 

produced. 

For other values of 0 not equal to 45°, the magnitudes of the electric fields for the 
waves propagating parallel to the fast and slow axis are not the same as for the configuration 
shown in FIG. 2B. For the purposes of understanding, the combination of the fast and slow 

15 waves can be separated into a sum of two parts. The first part comprises equal magnitude 

orthogonal incoherent waves having electric fields parallel to the fast and slow axis, the 
combination of which produces unpolarized light. The second part comprises the remainder, 
a component from the larger of the two waves, which has an electric field parallel either to the 
fast or slow axis. This part is linearly polarized. Thus, a portion of the light will be 

20 unpolarized and a portion of the light will be linearly polarized. The pump beam will not be 

completely depolarized. 

A ratio of the intensities of the polarized component to the sum of the intensities of 
the polarized and unpolarized components is known in the art as the degree of polarization 
(DOP). The DOP is generally expressed in percentage. Changing the angle between the 

25 principal axes of the non-depolarizing and depolarizing birefringent optical fiber 32, 36 

changes the DOP. For example, if the angle 0 is changed from 45°, on condition that the 
depolarizing birefringent optical fiber has the same length, the degree of polarization (DOP) 
of the pump beam becomes larger. Accordingly, the angle between the principal axes of the 
non-depolarizing and depolarizing birefringent optical fiber 32, 36, in part, controls the DOP. 

30 FIGURES 3A-3C depict other preferred embodiments of the invention wherein the 

semiconductor laser 29 is joined to the depolarizing birefringent fiber 36 through the fiber 
connector 30. This depolarizing birefringent fiber 36 is directly attached with the optical 
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coupler 40, which receives the optical input fiber 38 and is connected to the optical fiber 
Raman gain medium 16. This depolarizing birefringent fiber 36 is also oriented such that its 
principal axes are not aligned with the electric field of the beam output by the semiconductor 
laser 29. For example, FIGURES 3B and 3C show light emitted by the semiconductor laser 
5 29 that is polarized in the vertical direction as indicated by a first arrow 52. However, one of 

the principal axes of the depolarizing birefringent optical fiber 36 (represented by a second 
arrow 54) is rotated about the z axis by a non-zero angle 8 with respect to the vertical 
direction. As shown in FIGURE 3C, the angle 0 preferably equals 45° such that equal 
amounts of light polarized parallel to the fast and slow axes propagate through the 

10 depolarizing birefringent optical fiber 36. 

In another embodiment of the present invention depicted in FIGURE 4, the light 
source 12 additionally comprises a polarization controller 56 inserted between the non- 
depolarizing and depolarizing birefringent optical fibers 32, 36. Similar to the Raman 
amplifiers 10 described with reference to FIGURES 2A-2C, the semiconductor laser 29 is 

15 coupled to one end of the non-depolarizing birefringent optical fiber 32 through the fiber 

connector 30, the non-depolarizing birefringent optical fiber having a fiber Bragg grating 34 
inserted therein. The other end of the non-depolarizing birefringent optical fiber 32, however, 
is joined to the polarization controller 56, which is connected to the depolarizing birefringent 
optical fiber 36. The depolarizing birefringent optical fiber 36 leads to the optical coupler 40, 

20 which is connected to the Raman amplifier gain medium 16. The input optical fiber 38 is also 

attached to the optical coupler 40 as described above. 

The light emitted by the semiconductor laser 29 after passing through the non- 
depolarizing birefringent optical fiber 32 reaches the polarization controller 56. The 
polarization controller 56 provides the light, which is directed into the depolarizing 

25 birefringent optical fiber 36, with a preferred state of polarization. Thus, rather than rotating 

the orientation of the depolarizing birefringent optical fiber 36 about the z axis, the 
polarization is rotated about the z axis. In the embodiments depicted in FIGURES 2A-2C, as 
well as those depicted in FIGURES 3A-3C, the depolarizing birefringent optical fiber 36 is 
rotated to misalign the principal axis of the depolarizing fiber and the electric field of the 

30 pump beam. In contrast, in the embodiment shown in FIGURE 4, the electric field of the 

light emitted by the laser 29 is rotated with respect to the principal axes of the depolarizing 
birefringent optical fiber 36 using the polarization controller 56. 
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In either case, the extent of rotation determines the amount of light polarized parallel 
to the fast and the slow axes of the depolarizing birefringent optical fiber 36 or alternatively, 
the amount of light coupled into fast and slow modes supported by the optical fiber. The 
depolarizing birefringent optical fiber 36 supports two independent polarization modes, a fast 
5 mode and a slow mode; that is, the fiber transmits light polarized parallel to the fast axis and 

light polarized parallel to the slow axis. The linearly polarized pump beam can be divided 
into light of two orthogonal linearly polarized states, a first polarization state corresponding 
to light coupled into the fast mode and a second polarization state corresponding to light 
coupled into the slow mode. 

10 The amount of light in the first linearly polarized state and the second linearly 

polarized state is determined by the orientation of the electric field of the light with respect to 
the fast and slow axis of the depolarizing birefringent optical fiber 36. If the light is linearly 
polarized in the direction of the fast axis, all the light will be coupled into the fast mode and 
no light will be coupled into the slow mode. If, however, the light has an electric field 

15 directed at an angle of 45° with respect to both the fast and the slow axes, then half the light 

will be coupled into the fast mode and half will be coupled into the slow mode. Similarly, for 
other linearly polarized states, unequal portions of the light will be coupled into the fast and 
slow modes of the depolarizing birefringent optical fiber. Thus, by varying the polarization 
state of the light emitted by the laser 29, and in particular, by rotating the electric field of 

20 linearly polarized laser output about the z axis, the portion of the light coupled into the fast 

and slow modes can be controlled. Preferably, equal portions of the light are distributed to 
the fast and slow modes of the depolarizing birefringent optical fiber. Thus, the polarization 
controller preferably is adjusted to provide linearly polarized light having an electric field 
directed at an angle of 45° with respect to both the fast and the slow axes. With use of the 

25 polarization controller 56, the non-depolarizing and depolarizing birefringent optical fibers 

32, 36 need not be fixed in a specific orientation about the z axis to achieve this distribution 
that optimizes depolarization of the laser light. 

FIGURES 5-8 depict other embodiments of the present invention that include an 
optical distributor 58 connecting the non-depolarizing birefringent optical fiber 32 to first and 

30 second depolarizing birefringent optical fibers 36a, 36b. As in the Raman amplifiers 

described above with reference to FIGURES 2-4, the semiconductor laser 29 is coupled to the 
non-depolarizing birefringent optical fiber 32 through the fiber connector 30. The non- 
depolarizing birefringent optical fiber 32 leads to the optical distributor 58, which may 
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comprise a wavelength division multiplex (WDM) coupler or a polarization demultiplexer. 
Preferably, however, the optical distributor 58 preserves the polarization of the beam passing 
therethrough. The optical distributor 58 is connected to one end of the first and second 
depolarizing birefringent optical fibers 36a, 36b, which are terminated at another end by a 
5 beam combiner 60. A single-mode optical fiber 62 extends from the beam combiner 60 and 

leads to the optical coupler 40. As described above, the optical coupler 40 receives the input 
optical fiber 38 and is connected to the optical fiber Raman gain medium 16. 

In one embodiment, the light beam from the semiconductor laser 29 is guided through 
the non-depolarizing birefringent optical fiber 32 to the optical distributor 58, which directs 

10 equal fractions of the beam into the first and second depolarizing birefringent optical fibers 

36a, 36b. In this embodiment, the optical distributor 58 directs into the first depolarizing 
birefringent optical fiber primarily only light that is linearly polarized parallel to the fast axis 
of the first depolarizing birefringent fiber 36a. Similarly, the optical distributor 58 directs 
into the second depolarizing birefringent optical fiber 36b primarily only light that is linearly 

1 5 polarized parallel to the slow axis of the second depolarizing birefringent fiber. Accordingly, 

the optical distributor 58 couples one portion, preferably half, of the beam into the fast mode 
of the first depolarizing birefringent optical fiber 36a and another equal portion, preferably 
the other half, into the slow mode of the second depolarizing birefringent optical fiber 36b. 
The light in the fast mode propagates at a higher velocity than the light propagating the slow 

20 mode, thereby imparting phase delay as the light propagates in the first and second 

depolarizing birefringent optical fibers 36a, 36b. As described above, this phase delay 
translates into optical path difference. In this embodiment, the first and second depolarizing 
birefringent optical fibers 36a, 36b each have approximately equal lengths. This length is 
chosen to produce an optical path difference that is sufficiently large to reduce the coherence 

25 between the two portions (i.e., halves) of the beam and to thereby at least partially depolarize 

the beam. Alternatively, the first and second depolarizing birefringent optical fibers 36a, 36b 
can have different lengths. In this case, the optical path difference will be caused both by the 
disparity in the refractive index and the propagation velocities for the fast and slow 
polarization modes in the two depolarizing birefringent optical fibers and by the unequal 

30 lengths of the two depolarizing birefringent optical fibers. Again, the lengths can be chosen 

such that the optical path difference is sufficient to reduce the coherence between the two 
portions (i.e., halves) of the pump beam and to produce a depolarizing effect. 
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The two portions of the beam in the first and second depolarizing birefringent optical 
fibers 36a, 36b, respectively, are combined in the beam combiner 60. Preferably, the beam 
combiner 60 comprises a polarization preserving beam combiner and the beams transmitted 
through the first and second birefringent optical fibers 36a, 36b are linearly polarized 
5 perpendicular to each other when the pump beam is output from the beam combiner. 

In another configuration, the optical distributor 58 directs equal portions of the beam 
from the laser 29 into the first and second birefringent optical fibers 36a, 36b without 
restricting the polarization of the light. Thus, light is coupled into both the fast and slow 
modes of the first depolarizing birefringent optical fiber 36a and into both the fast and slow 

10 modes of the second depolarizing birefringent optical fiber 36b. The first and second 

depolarizing birefringent optical fibers 36a, 36b, however, have different lengths. The 
difference in length of the two depolarizing birefringent optical fibers 36a, 36b is large 
enough to produce sufficient optical path difference to reduce the coherence between the light 
in the two fibers and to at least partially depolarize the pump beam. The light in the first and 

15 second depolarizing birefringent optical fibers 36a, 36b is combined in the beam combiner 

60, and this pump beam is directed to the optical fiber Raman gain medium 16 after being 
transmitted through the single mode optical fiber 62 and coupled with the optical signal in the 
fiber optic coupler 40. 

Alternatively, equal portions of the beam from the laser 29 are coupled into the fast 

20 mode of the first birefringent optical fiber 36a as well as the fast mode of the second 

birefringent optical fiber 36b or into the slow mode of the first and second birefringent optical 
fibers 36a, 36b. Additionally, the first and second birefringent fibers 36a, 36b have different 
lengths so as to introduce an optical path difference greater than the coherence length between 
the light exiting the two fibers. As in the other configurations, the two beams are brought 

25 together in the beam combiner 60, and are directed to the optical fiber Raman gain medium 

16 after being transmitted through the single mode optical fiber 62 and combined with the 
optical signal in the fiber optic coupler 40. 

FIGURES 6-8 differ in that in FIGURE 6, the fiber Bragg grating 34 is inserted in the 
non-depolarizing birefringent optical fiber 32, in FIGURE 7, the polarization controller 56 is 

30 inserted in the non-depolarizing birefringent optical fiber, and in FIGURE 8, both the fiber 

Bragg grating and the polarization controller are inserted in the non-depolarizing birefringent 
optical fiber. As discussed above, by providing the non-depolarizing birefringent optical fiber 
32 with a fiber Bragg grating 34, an external resonator is formed for the semiconductor laser 
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29. The fiber Bragg grating 34 reflects light from the semiconductor laser 29 and narrows 
and stabilizes the wavelength distribution of the laser output beam. Also as discussed above, 
the polarization controller 56 adjusts the polarization of the beam input to the depolarizer 14 
so as to optimize depolarization. 
5 As shown in FIGURES 9-11, a Raman fiber amplifier 10 may comprise a plurality of 

semiconductor lasers 29 each emitting a light beam of a same or different wavelength. In one 
configuration illustrated in FIGURES 9 A and 9B, a separate depolarizer 14 is associated with 
each individual laser 29, with this plurality of depolarizers being optically connected to a 
multi- wavelength optical coupler 64. Each of the depolarizers 14 receives light emitted from 

10 one of the semiconductor lasers 29 and produces at least partially depolarized light. The 

resultant plurality of partly depolarized beams of light are combined into a single pump beam 
within the multi-wavelength optical coupler 64. A separate fiber Bragg grating 34 can be 
inserted between each semiconductor laser 29 and the respective depolarizer 14 to tailor the 
wavelength distribution of the light output by the semiconductor lasers as shown in FIGURE 

1 5 9B. The same methods for producing and depolarizing light beams and for amplifying the 

signal as described above may be employed for a plurality of wavelengths. For example, as 
shown in FIGURE 10, each laser 29 in the plurality of semiconductor lasers is coupled to one 
of the fiber connectors 30, which is connected to respective non-depolarizing birefringent 
optical fibers 32. Each of the non-depolarizing birefringent optical fibers 32 has the fiber 

20 Bragg grating 34 connected thereto, which is joined to one depolarizing birefringent optical 

fiber 36. Each depolarizing birefringent optical fiber 36 is linked to the multi-wavelength 
optical coupler 64, which has an optical fiber 66 extending therefrom. In general, an optical 
coupler such as the multi-wavelength optical coupler 64 shown in FIGURES 9A-9B, 1 0, and 
11A-11B comprises one or more input lines connected to one or more output lines. The 

25 number of input and output lines depends on the application. In FIGURES 9A-9B, 10, and 

11A-11B, the number of output lines is less than the number of input lines. More 
specifically, in FIGURE 10, three input lines are coupled to the single optical fiber 66. This 
optical fiber 66 leads to the other optical coupler 40 that receives the input optical fiber 38. 
The optical fiber Raman gain medium 16 is attached to this optical coupler 40 as well. 

30 Each laser 29 emits a beam in a different wavelength band. These beams, which are at 

least partly depolarized upon passing through the separate depolarizing birefringent optical 
fibers 36, are combined in the multi-wavelength optical coupler 64. The combined beam is 
transmitted through the optical fiber 66 to the other optical coupler 40 and sent on to the 
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optical fiber Raman gain medium 16 along with the optical signal also received by the optical 
coupler. In this manner, a plurality of beams having same or different wavelengths can be at 
least partially depolarized and combined to form a pump beam for pumping the optical fiber 
Raman gain medium 16. Similarly, in any of the embodiments discussed above, a plurality of 
5 semiconductor lasers 29 can be employed to generate a beam comprising light in one or more 

wavelength bands, which is subsequently depolarized at least partially. 

FIGURE 11A and 11B depict an alternative arrangement wherein the multi- 
wavelength optical coupler 64 precedes the depolarizer 14. In particular, the lasers 29 are 
connected to non-depolarizing optical fibers 32 that run to the multi-wavelength optical 

10 coupler 64. As illustrated in FIGURE 11B, fiber Bragg gratings 34 can be inserted between 

two sections of the non-depolarizing optical fibers 32 to control and stabilize the wavelength 
light emitted by the semiconductor lasers 29. As in the embodiment shown in FIGURES 9A, 
9B and 10, the optical fiber 66 extends from the multi-wavelength optical coupler 64, 
however, here the optical fiber leads to the depolarizer 14. 

15 Thus, separate light beams having same or different wavelengths are generated by the 

plurality of lasers 29. These beams are guided through the non-depolarizing optical fibers 32 
and to the multi-wavelength optical coupler 64 where they are combined and output into the 
optical fiber 66. The combined beam travels through the optical fiber 66 to the depolarizer 14 
where the multi- wavelength beam is at least partially depolarized. After depolarization, the 

20 pump beam proceeds to the gain medium 16 as described above. In this manner, a light beam 

comprising a plurality of same or different laser wavelengths can be at least partially 
depolarized and employed to pump the optical fiber Raman gain 16 medium in the Raman 
amplifier 10. The use of a single depolarizer 14 as shown in FIGURES 11A and 11B 
simplifies the Raman amplifier 10 as compared to the embodiments depicted in FIGURES 

25 9A, 9B and 10, which include a plurality of depolarizers. Depolarization, however, may not 

be as complete unless the polarization of each of the semiconductor lasers is aligned, e.g., 
with individual polarization transformers. 

In accordance with the present invention, the length of the depolarizing birefringent 
optical fiber 36 can be adjusted to alter the degree of polarization (DOP). The value of DOP 

30 depends on the coherence length of the pump beam and the optical path difference between 

the light coupled into the fast and slow modes of the depolarizing birefringent optical fiber 
36. The optical path difference is determined in part by the length of the depolarizing 
birefringent optical fiber 36. Accordingly, DOP depends on the length of the depolarizing 
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birefringent optical fiber 36. In particular, the polarized component decreases with increasing 
length of the depolarizing birefringent optical fiber 36 as shown in FIGURE 12, which plots 
the relationship between the DOP and the length of the depolarizing birefringent optical fiber. 
Values for DOP were measured at the end of the depolarizing birefringent optical fiber 36 
5 connected to the optical coupler 40. This plot confirms that the DOP can be controlled by 

adjusting the length of the depolarizing birefringent optical fiber or fibers. It will be 
appreciated that any decrease in the polarization of the beam prior to entering the gain 
medium is advantageous. However, using the depolarization principles of the present 
invention, the degree of polarization (DOP) of the pump beam is advantageously decreased to 

10 at least about 40% or less. More preferably, the DOP is decreased below approximately 20%. 

It has been found that the DOP of the pump beam can be reduced to less than about 10% in 
some embodiments of the invention. 

As described above, varying the DOP of the pump beam can control fluctuations in 
the optical fiber Raman gain. The level of fluctuations in gain is characterized by the 

15 polarization dependence of the optical fiber Raman gain (PDG), which is determined by 

measuring the difference between the maximum and minimum value of gain while changing 
the state of polarization of the signal being amplified. Measurements of PDG quantifies 
polarization dependent loss of the optical amplifier 10. FIGURE 13 plots the PDG as the 
DOP of the pump beam is reduced using a preferred embodiment described above. The plot 

20 shows that the PDG decreases as the degree of polarization decreases, the PDG becoming 

closer to a value of polarization dependent loss, which in this case is equals 0.1 2dB (which is 
primarily PDL attributable to the measured system). Thus, optical pumping of an optical 
fiber Raman gain medium 16 with laser light that has been at least partially depolarized light 
reduces the fluctuations in the optical fiber Raman gain. 

25 Accordingly, employing the depolarizer 14 in the fiber optical Raman amplifier 10 

enables the polarization dependent gain fluctuations to be reduced. Stable gain is possible 
while using a single semiconductor laser 29 to pump the optical fiber Raman gain medium 
16. The laser output need not be combined with light from a second source. The complexity 
of the Raman amplifier 10 is thus reduced as less semiconductor laser devices are required to 

30 optically pump the optical fiber Raman gain medium 16. As illustrated in FIGURES 2-11, 

this Raman amplifier 10 can operate with or without the inclusion of the fiber Bragg grating 
34. However, optical pumping with light having a narrow wavelength distribution is 
advantageously provided by employing the fiber Bragg grating 34. 
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Although a plurality of Raman amplifiers 10 having different schemes for 
depolarizing the pump beam are shown in FIGURES 2-11, other depolarizers 14, such as 
other LYOT type depolarizers as well as Cornu type depolarizers can be employed in 
accordance with the invention to produce an at least partly depolarized pump beam. 
5 Accordingly, the depolarizer 14 may comprise birefringent components other than 

birefringent fiber such as birefringent crystal. Nevertheless, fiber depolarizers like the LYOT 
fiber depolarizer are preferred for integration into a fiber optic communication system 2. 
Additionally, other components within the optical amplifier 10 may comprise optical fiber, 
optical integrated waveguide devices, or both. For example, any of the optical couplers 

10 (optical coupler 40, optical distributor 58, beam combiner 60, multi- wavelength optical 

coupler 64) may be fiber or integrated optic waveguide devices or combinations thereof. 

Furthermore, as described above, the semiconductor laser light sources 29 output 
substantially linearly polarized light, which can be at least partially depolarized so as to avoid 
variation in gain provide by the amplifier 10. The usefulness of the depolarizer 14, however, 

15 is not so limited, that is, the methods describe herein can be employed for light sources that 

output non-linearly polarized light. For example, circularly or elliptically polarized light can 
be at least partially depolarized, e.g., by coupling this light into a birefringent optical fiber, so 
as to minimize fluctuations in amplification provided by the Raman gain medium 1 6. 

Figure 14 is a graph like that of Figure 13, although polarization-dependent-loss in the 

20 measurement system has been removed so that the PDG curves intersect the origin of the 

graph. Furthermore, data is plotted for several different types of optical fibers. The DCF 
fiber has the lowest PDG as %DOP increases from 0 to 100. The data also includes non-zero 
dispersion shifted optical fibers for both forward and backward pumping. The results indicate 
that the backward pumped NZ-dispersion shifted fiber exhibited between 0 dB and slightly 

25 less than 0.9 dB of PDG over a range of 0 to 100% DOP. The forward pumped NZ- 

dispersion shifted fiber exhibited a much greater sensitivity to PDG, experiencing about 1 dB 
of PDG for a DOP of slightly less than 30%. Figure 14 also includes data for SMFs for both 
forward and backward propagation modes, with the SMF with the backward pumping scheme 
experiencing 1 dB of PDG for about 75% DOP, and the SMF with the forward pumping 

30 scheme experiencing ldB of PDG for slightly over 30% DOP. 

Each of the graphs exhibit some linear characteristics (on the PDG in dB vs. %DOP 
scale) for larger amounts of PDG, thus allowing for a prediction of the amount of PDG (dB) 
that will be experienced for a given percentage of %DOP for a given type of fiber. For 
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example, if only 0.15 dB of PDG is permissible in a system, and that system used a forward 
pumped DCF, then the length of the depolarizer fiber could be set to provide 40% or less to 
meet the system characteristics. Likewise, the graph of Figure 14 shows that (1) the DOP for 
NZ backward pumped fiber would require about 20% or less DOP, (2) the SMF backward 
5 pumped fiber would require 1 5% or less DOP, while each of SMF forward and NZ forward 

pumped fibers would require less than 10%. For larger levels of PDG, due to the largely 
linear relationships, if the amount of permissible PDG is changed (to say 0.2 dB), the 
tolerable about of %DOP that yields that amount (or less) PDG can readily be determined 
from Figure 14, based on the type of fiber that is used. 

10 Figure 15 is a histogram, with an overlay of a cumulative distribution function, of an 

exemplary production yield vs. %DOP that could be expected from a PMF (e.g., PANDA- 
based fiber) set to be 20m and having a center wavelength of 1476nm and 1496nm. The beat 
length of the PMF was set to around 4.5 mm, but not more than 5 mm. The amplifier fiber 
was presumed to be a SMF, but other fibers could have been used as well. The 20m PMF 

15 length, in an ideal situation, should have produced less than 0.01% DOP and close to 0 dB 

PDG, although a target DOP was less than 10% was deemed to be acceptable. Under these 
conditions, 

4 out of 80 samples achieved between 1% and 2% DOP; 
6 out of 80 samples achieved between 2% and 3% DOP; 
20 10 out of 80 samples achieved between 3% and 4% DOP; 

9 out of 80 samples achieved between 4% and 5% DOP; 
6 out of 80 samples achieved between 5% and 6% DOP; 
9 out of 80 samples achieved between 6% and 7% DOP; 

4 out of 80 samples achieved between 7% and 8% DOP; 
25 4 out of 80 samples achieved between 8% and 9% DOP; 

5 out of 80 samples achieved between 9% and 10% DOP; 

2 out of 80 samples achieved between 10% and 1 1% DOP; 
4 out of 80 samples achieved between 11% and 12% DOP; 

3 out of 80 samples achieved between 12% and 13% DOP; 
30 9 out of 80 samples achieved between 13% and 1 4% DOP; 

0 out of 80 samples achieved between 14% and 15% DOP; 
2 out of 80 samples achieved between 1 5% and 16% DOP; 

1 out of 80 samples achieved between 16% and 17% DOP; 



-19- 



0 out of 80 samples achieved between 17% and 18% DOP; 

1 out of 80 samples achieved between 18% and 19% DOP; 

0 out of 80 samples achieved between 19% and 20% DOP; 

1 out of 80 samples achieved between 20% and 21% DOP; 

5 

Thus, the actual results show that the production samples followed a random process 
with regarding to %DOP. In the example of Fig. 15, the production distribution has a 
statistical mean that falls somewhere between 5% and 9%, and a mode at a lesser value (3% 
in the case of Figure 15). Due to this random nature, it is certainly possible to manufacture 

10 devices with less than 1% DOP, although the manufacturing efficiency would be quite low 

since the production yield would be small. 

Contrary to conventional design practice, the present inventors recognized that it is 
not always necessary to strive for such low DOP as long as the effect of the higher DOP does 
not give rise to a greater than specified amount of PDG, for a given fiber type. Moreover, by 

15 identifying the relationships shown in Figure 14 for the different fiber types, the present 

inventors recognized that they could make use of depolarizers that exhibited higher than 
conventionally specified amounts of %DOP. For example, a depolarizer that exhibited a 5% 
DOP would have been determined to be unacceptable in conventional devices whose design 
specification required 1% or less DOP. Although, according to the observations of the 

20 present inventors, the same depolarizer could operate successfully if used in a system that 

could tolerate less than 0.2 dB of PDG and used either DCF or NZ forward pumped fibers, as 
well as other fiber-based systems, as is evident from Figure 14. Accordingly, the 
identification by the inventors of the relationships shown in Figure 14 enabled much more 
efficient manufacturing processes, because devices that would other have been discarded 

25 according to conventional design practices, were determined to be suitable for use in certain 

systems with predetermined PDG requirements and types of transmission (or amplifier 
medium) fibers. 

Figure 16 is an exemplary probability density function (pdf) curve that is divided into 
five different regions. Not unlike the histogram of Figure 15, Figure 16 is an idealistic pdf of 
30 a production yield, for depolarizer devices that exhibit different percentages of DOP, which 

were designed for producing a low DOP, e.g., less than 1%. As seen in Figure 16, the X axis 
is %DOP for devices that are made in series of production runs. The Y axis is the probability 
of having a particular device exhibit a certain percentage of DOP, even though designed to 
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provide less than 1% DOP. The actual shape of the PDF will depend on a variety of 
production-based factors relating to how the particular devices are produced as well as the 
initial design criteria. 

The pdf is divided into five different regions. Region 1 is the region that covers 
5 depolarizers that exhibit the largest %DOP, above 20%, for a particular design criteria, such 

as 0.15 dB PDG, and for different types of fibers, like those shown in Figure 14. The regions 
show which systems, each having a different transmission fiber, would be suitable for use 
with the depolarizers whose %DOP is much greater than that of the initial design goal. As an 
example, Region 1 shows that devices falling in this region are suitable for use in a DCF 

10 forward pumped system in which the PDG design criteria was 0.15 dB. However, a device 

that is produced with a %DOP falling between 15% and 20% (Region 2), could be used in 
either a DCF forward pumped system or an NZ dispersion shifted fiber based system that is 
backward pumped (see Figure 14). Likewise, Region 3 includes devices having a %DOP 
between 10% and 15% that would be suitable for use in a DCF forward pump system, NZ 

1 5 dispersion shifted fiber system that is backward pumped, or a single mode fiber based system 

that is backward pumped. Region 4, which includes devices having a percent DOP between 
about 7% and 10%, would be suitable for use for all systems like that described in Regions 1, 
2 or 3, but also would be suitable for use in a SMF forward pumped system. Region 5, 
namely devices between 0% DOP and 7% DOP would be suitable for use in any of the 

20 transmission systems, including a NZ dispersion shifted fiber based system that is forward 

pumped. 

Accordingly, by understanding the performance of different systems having 
depolarizers that exhibit certain percentages of DOP, as shown in Figure 14, will provides an 
insight into levels of resulting PDG for different types of fiber based systems. Figure 16 
25 provides guidance for which systems could acceptably accommodate depolarizers, which 

would otherwise be discarded in conventional systems having a design criteria of less than 
l%DOP. 

The present invention may be embodied in other specific forms without departing 
from the essential characteristics as described herein. The embodiments described above are 
30 to be considered in all respects as illustrative only and not restrictive in any manner. As is also 

stated above, it should be noted that the use of particular terminology when describing certain 
features or aspects of the invention should not be taken to imply that the terminology is being 
re-defined herein to be restricted to including any specific characteristics of the features or 
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aspects of the invention with which that terminology is associated. The scope of any invention 
is, therefore, indicated by the following claims rather than the foregoing description. Any and 
all changes which come within the meaning and range of equivalency of the claims are to be 
considered in their scope. 
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